The barley (Hordeum vulgare) gene Hv.AGP.S.1 produces two different transcripts encoding small subunits (SSUs) of ADP-glucose pyrophosphorylase (AGPase). It was shown previously that one of these transcripts, Hv.1a, encodes the cytosolic SSU in the endosperm. It is shown here that the other transcript produced from Hv.AGP.S.1, Hv.1b, encodes a plastidial SSU that is required for >90% of the AGPase activity in the leaves. Thus, both of the alternative transcripts encoded by Hv.AGP.S.1 are physiologically relevant: One is important for starch synthesis in the endosperm and the other for starch synthesis in the leaves. Although the Hv.1b transcript is abundant in embryos and present in endosperm, there is no evidence that a protein is produced from this transcript in these organs. This suggests that some, as yet unidentified, post-transcriptional control mechanism prevents the accumulation of the protein encoded by Hv.1b in embryos and endosperm but not in leaves. There is one other known gene in barley, Hv.AGP.S.2, encoding a SSU of AGPase. This gene has been shown to be responsible for the plastidial SSU in the endosperm. It is shown here that Hv.AGP.S.2 probably also makes some contribution to the SSU of AGPase in the leaves and may be responsible for most or all of the plastidial SSU in a range of non-photosynthetic plant organs including the embryo.
Introduction
The aim of this work was to discover whether both of the alternative transcripts produced by the gene encoding a small subunit (SSU) of ADP-glucose pyrophosphorylase (AGPase) in barley produce proteins with significant roles in starch synthesis in the plant. Specifically, there was a need to know whether the putative plastidial SSU encoded by one of the transcripts contributes to the plastidial AGPase activity in any plant organ.
Starch synthesis requires the nucleotide sugar ADPglucose as a glucose donor in the reaction catalysed by starch synthase. ADP-glucose is synthesized by AGPase from glucose 1-phosphate and ATP. AGPase is a heterotetrameric enzyme composed of two small subunits (SSU) and two large subunits (Morell et al., 1987; Bae et al., 1990; Bhave et al., 1990) . Both subunits are essential for normal AGPase activity. In most plant cells, AGPase occurs exclusively in the plastids. However, in the endosperm of the Poaceae (grass family), including that of the economically important cereal crop plants maize (Zea mays) (Denyer et al., 1996) , rice (Oryza sativa) (Sikka et al., 2001) , barley (Hordeum vulgare) (Thorbjørnsen et al., 1996a) , and wheat (Triticum aestivum) (Tetlow et al., 2003) , AGPase is also present in the cytosol. In these tissues, ADP-glucose synthesized by the cytosolic isoform of AGPase is imported into the plastid for starch synthesis via an ADP-glucose transporter (Li et al., 1992; Shannon et al., 1998; Patron et al., 2004) .
In barley, two genes encoding the SSUs of AGPase have been identified. One of these, Hv.AGP.S.1, gives rise to two transcripts by the use of alternative first exons (Thorbjørnsen et al., 1996b) . One of the alternative first exons, exon1b, encodes a transit peptide for targeting to plastids. The other first exon, exon 1a, is shorter than exon 1b and does not include a predicted transit peptide. This suggests that one of the proteins encoded by Hv.AGP.S.1 is plastidial and the other is cytosolic. The second SSU gene in barley, Hv.AGP.S.2, gives rise to a single transcript encoding a plastidial SSU of AGPase (Johnson et al., 2003) .
Current knowledge of the functions of the SSU transcripts in different tissues and organs of the barley plant, and its close relative wheat, is incomplete. One of the two alternative SSU transcripts produced from the Hv.AGP.S.1 gene (and its homologue in wheat), that including exon 1a, encodes the cytosolic SSU protein in the endosperm. This was shown by purification of the cytosolic and plastidial AGPase activities followed by sequencing of the SSU proteins (Burton et al., 2002; Johnson et al., 2003) and also by the study of a mutation in barley (in the line Risø 16) that deletes the Hv.AGP.S.1 gene (Johnson et al., 2003) . These experiments also showed that the second SSU gene in barley, Hv.AGP.S.2 (and its orthologue in wheat) encodes the plastidial SSU in the endosperm. The function of the second alternative transcript produced from the Hv.AGP.S.1 gene, containing exon 1b and encoding a putative plastidial SSU, remains to be established. The presence of this transcript in the leaves of barley (Thorbjørnsen et al., 1996b; Doan et al., 1999) suggests that its product may play a role in starch synthesis in leaves. The gene(s)/transcript(s) responsible for the SSUs of AGPase in other organs of the barley plant, such as the embryo, are unknown.
To discover the function of the putative plastidial SSU encoded by Hv.AGP.S.1, the levels of SSU transcripts in leaves, grain, embryos, and endosperm were quantified and the impact of a mutation that eliminates Hv.AGP.S.1 on AGPase activity and protein, and the starch content of various organs of the barley plant was examined.
Materials and methods

Plant material
Barley (Hordeum vulgare L.) cultivars Bomi and Risø 16 were from the John Innes Centre Germplasm Collection. Plants were grown in individual pots in a greenhouse at a minimum temperature of 12 8C and a minimum light period of 16 h or in a controlled environment room at a constant temperature of 15 8C, with 16/8 h light/dark and 70% humidity. The barley plants used for quantitative real-time PCR analysis were grown in a greenhouse at 16 h light (17 8C) and 8 h dark (12 8C).
Quantitative real-time PCR Whole grains, endosperm, embryos, and leaves were harvested, immediately frozen in liquid nitrogen, and stored at ÿ80 8C. PolyA + RNA was extracted from up to 300 mg of tissue using oligo dT 25 magnetic beads (DYNAL Dynabeads Ò mRNA DIRECTÔ Kit, Oslo, Norway). The final amount of PolyA + RNA recovered and its quality was measured using a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The PolyA + RNA was then treated with a DNAfreeÔ Kit (Ambion Inc, Austin, TX, USA) to remove contaminating DNA. cDNA was synthesized from 100 ng mRNA using random primers (Invitrogen) with a SuperScript first-strand synthesis system (SuperScriptÔ III RNase H Reverse Transcriptase, Invitrogen) at 50 8C according to the manufacturer's instructions.
Quantitative real-time PCR was performed using real-time TaqMan technology (Holland et al., 1991) with a model 7700 sequence detector and a TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA). Real-time PCR probes (TaqMan Probes, Applied Biosystems) and PCR primers (Table 1) were designed using the Primer Express software (Applied Biosystems).
The reaction (25 ll) contained 13 TaqMan buffer A, 125 mM MgCl 2 , 5 mM dATP, 5 mM dCTP, 5 mM dGTP, 0.1 mM dUTP, 7.5 lM each of primers forward and reverse, 2.5 lM TAMRA probe, 0.1 ll AmpEraseÒUNG (uracil-N-glycosylase) (1 unit ll ÿ1 ), 0.25 ll AmpliTaqGoldÒ DNA Polymerase (1 unit ll ÿ1 ) (Applied Biosystems), and 1 ll template. The PCR amplification was initiated by incubation at 95 8C for 10 min followed by 40 cycles: 15 s at 95 8C and 1 min at 60 8C.
A standard curve was determined for each target using a 10-fold dilution series of the cDNA. The log 10 value of the dilution was plotted against the C T (threshold cycle) values obtained. Linear regressions were used to calculate cDNA concentrations from the C T values obtained for different cDNA samples. For each sample, the amount of the SSU transcript was expressed relative to the amount of the actin transcript (EMBL accession no. U21907). The actin gene is constitutively expressed.
Extraction and assay of AGPase
All steps were performed at 4 8C or on ice. Approximately 0.5 g of leaf tissue (5 weeks after germination) and five embryos weighing approximately 20 mg in total were homogenized in 3 ml and 0.5 ml, respectively, of extraction buffer containing 50 mM HEPES (pH 7.4), 2 mM MgCl 2 , 1 mM EDTA, and 1 mM DTT. After centrifugation for 15 min at 10 000 g, the supernatant was assayed for AGPase activity. For embryos, but not leaves, it was necessary to dilute the extract 10-fold in extraction buffer prior to assay in order to achieve activities that were linear with respect to extract concentration. AGPase activity was measured in the direction of ADP-glucose synthesis at 37 8C. Assays contained, in a volume of 0.2 ml, 100 mM HEPES (pH 7.6), 15 mM MgCl 2 , 0.025% (w/v) BSA, 0.5 units inorganic pyrophosphatase (from baker's yeast, Roche, Mannheim, Germany), 0.5 mM [U-
14 C]glucose 1-P (8.33 GBq mol ÿ1 ), 1.5 mM ATP, 15 mM 3-PGA, and 0.01 ml extract or boiled extract (control). After 10 min, the reactions were stopped by boiling for 2 min. Enzyme activity was determined by measuring the ADP-[ 14 C]glucose adsorbed by DE81 paper (Whatman, Kent, UK) following treatment with alkaline phosphatase (from E. coli C75, Amersham, Buckinghamshire, UK) according to the method of Ghosh and Preiss (1966) . Under these optimized assay conditions, the activity was linear with respect to time and amount of extract added.
Immunoblotting
Approximately 55 mg of developing endosperm (individual weights 10-20 mg), and ten embryos weighing approximately 25 mg in total were homogenized in 0.5 ml and 0.15 ml, respectively, gel sample buffer containing SDS. After centrifugation for 3 min at 10 000 g, the supernatant was heated to 100 8C for 5 min prior to loading onto an SDS-polyacrylamide gel (7.5% acrylamide, 0.75 mm thick). After electrophoresis, proteins were transferred to a nitrocellulose membrane which was probed with an antiserum to the maize endosperm AGPase SSU Brittle2, at a dilution of 1/5000.
Isolation of chloroplasts from barley leaves
All steps were performed at 4 8C or on ice. Approximately 10 g of leaves (approximately 5 weeks after germination) were chopped in 30 ml of 50 mM HEPES (pH 7.5), 0.4 M sorbitol, 1 mM DTT, and 1 g l ÿ1 BSA using a pair of scissors. After filtration through two layers of Miracloth (Calbiochem, San Diego, CA, USA), a sample of the resultant filtrate was retained for enzyme assays and the rest was subjected to centrifugation at 2 500 g for 10 min. The supernatant was retained for enzyme assays. The pellet, enriched in chloroplasts, was resuspended in 0.5 ml of 50 mM HEPES (pH 7.5), 1 mM DTT, 1 g l ÿ1 BSA, and 0.1% (v/v) Triton X-100 and mixed vigorously to rupture the plastids after which 0.5 ml of 50 mM HEPES (pH 7.5), 0.8 M sorbitol, 1 mM DTT, and 1 g l ÿ1 BSA was added. Triton X-100 was also added to a final concentration of 0.1% (v/v) to the supernatant and homogenate samples and these were mixed vigorously to rupture the chloroplasts. All samples were centrifuged at 12 000 g for 10 min and the supernatants were assayed for enzyme activities. All enzymes other than AGPase were assayed as in Burton et al. (2002) .
Extraction and assay of starch Samples of 200-300 mg of leaf tissue and five embryos weighing approximately 20 mg in total were harvested and immediately frozen in liquid N 2 . The frozen samples were powdered and extracted in 4 ml of cold 1.41 M perchloric acid for 30 min on ice. The sample was centrifuged at 12 000 g for 5 min at 4 8C. The pellet was extracted 3-4 times with 5 ml aliquots of 80% ethanol. After each suspension in ethanol, the sample was subjected to centrifugation at 12 000 g for 5 min and the supernatant was removed and discarded. The pellet was air-dried and resuspended in 4 ml of deionized water. The sample was mixed thoroughly and four 0.5 ml aliquots were removed into screwcapped tubes and autoclaved to solubilize the starch. After cooling, two of the samples were incubated overnight at 37 8C in 50 mM sodium acetate (pH 5.2), 2 U a-amylase and 11.2 U amyloglucosidase (Roche, Basel, Switzerland). The other two samples (controls) were incubated with sodium acetate alone. After centrifugation (14 000 g, 5 min), the supernatants were assayed for glucose spectrophotometrically in a plate reader as follows: 20 ll of sample was added to 200 ll of reaction mix (0.1 M HEPES-KOH [pH 7.5], 5 mM MgCl 2 , 0.8 mM ATP, and 1.6 mM NAD). After mixing, the initial absorbance at 340 nm was recorded and then 10 ll 0.1 M HEPES-KOH (pH 7.5) containing 0.5 U hexokinase and 0.5 U glucose 6-phosphate dehydrogenase (Roche, Basel, Switzerland) was added. The reaction was monitored at 340 nm and when a final, steady absorbance was reached, this was recorded. Glucose content was determined from the difference between the initial and final absorbances by reference to a glucose standard curve (0-40 nmol glucose per well). The mass of starch (g) was calculated as mol glucose3162.
Results
Nomenclature of genes and transcripts
For simplification, abbreviated transcript names will be used throughout this paper. The two alternative transcripts encoded by Hv.AGP.S.1 will be referred to as Hv.1a (encoding the cytosolic SSU) and Hv.1b (encoding a predicted plastidial SSU of unknown function). The transcript encoded by Hv.AGP.S.2 will be referred to as Hv.2.
Comparison of the tissue-specific patterns of expression of the AGPase genes in barley
The amounts of the Hv.1a, Hv.1b, and Hv.2 transcripts in the leaves, grains, endosperm, and embryos of barley were measured using quantitative real-time PCR (Fig. 1) . In leaves, the Hv.1b transcript, encoding a putative plastidial SSU, was the most abundant transcript. It was >2000-times more abundant than Hv.1a and >350-times more abundant than Hv.2. Transcript Hv.1b was also the most abundant of the three transcripts in embryos (Fig. 1) . In whole grains and endosperm, transcripts Hv.1a and Hv.2 were present in approximately equal amounts and were more abundant than transcript Hv.1b. This analysis supports and expands upon earlier investigations of transcript abundance in barley using RNA hybridization and RT-PCR. In leaves, the Hv.1b transcript was abundant (Thorbjørnsen et al., 1996b; Doan et al., 1999) whereas the Hv.1a transcript was undetectable (Thorbjørnsen et al., 1996b) or present at low levels (Doan et al., 1999) . Transcript Hv.1a was not detected in embryos (Doan et al., 1999) and Hv.2 was not detected in leaves (Johnson et al., 2003) .
As expected, the transcripts for both Hv.1a and Hv.1b were absent from the mutant barley, Risø 16, which lacks the Hv.AGP.S.1 gene due to a large deletion (Johnson et al., 2003) . However, the amounts of transcript Hv.2 in the leaves, grains, endosperm, and embryos of the mutant were not statistically significantly different from the amounts in the parental, wild-type barley (P >0.05, assessed using Microsoft Excel software, t test, 2-tailed distribution, 2-sample equal variance) (data not shown). This contrasts with the situation in rice, where a mutant (EM22) that lacks the transcript orthologous to Hv.1a has elevated levels of the transcripts orthologous to Hv.1b and Hv.2 (Ohdan et al., 2005) .
Hv.AGP.S.1 encodes the major AGPase in barley leaves but not in embryos Since the Hv.1b transcript encoded by Hv.AGP.S.1 was the most abundant SSU transcript in both leaves and embryos, its contribution to the activity of AGPase in these organs was investigated. The AGPase activity and SSU protein in the mutant line Risø 16, which lacks the Hv.AGP.S.1 gene, was compared with that in the wild-type parental line, Bomi.
The AGPase activity in the leaves of the mutant was less than 10% of that in the leaves of the wild-type whilst the activity in the mutant embryos was not statistically significantly different from that in the wild-type embryos, when expressed either per g FW (Fig. 2) or per embryo (data not shown). To investigate whether inhibitors of AGPase activity present in the extracts of the mutant, but not the wild type, might account for the observed differences in AGPase activity in the leaves, mixtures of mutant and wild-type leaves were extracted. In two independent experiments, the activities in the mixed extracts were 104% and 114% of those expected from measurements made on separate extracts of mutant and wild-type leaves. This suggests that the lower AGPase activity in the mutant leaves was not due to inhibition but due to the lack of Hv.AGP.S.1. To investigate further the contribution of Hv.AGP.S.1 to the AGPase SSU in the embryos, proteins were extracted in SDS-containing media to prevent proteolysis, subjected to SDS-PAGE, and detected on blots using an antiserum to the maize AGPase SSU, Brittle2 (kindly provided by Professor Curt Hannah, University of Florida, Gainesville, FL, USA). The immunoreactive bands in embryo extracts were compared with those in extracts of endosperm, which have been shown previously to have two SSU proteins: a cytosolic SSU of 52 kDa encoded by Hv.1a and a plastidial SSU of 49.5 kDa encoded by Hv.2 (Johnson et al., 2003) . In the embryos of the wild-type (Bomi), a single protein was detected (Fig. 3) . This was similar in mass (49.5 kDa) to the plastidial SSU in the endosperm that is encoded by Hv.2. There was no difference between the wild-type embryos and those of the mutant (Risø 16) in the size or amount of this protein. These data show that Hv.AGP.S.1 does not contribute significantly to AGPase in the embryo, and indicate that Hv.AGP.S.2 may be responsible for all of the SSU of AGPase in the embryos as well as that in the plastids of the endosperm.
The Hv.1b transcript is responsible for the major SSU in the leaves It was shown above that Hv.AGP.S.1 is responsible for the major SSU of AGPase in the leaves. This could be either via transcript Hv.1a (encoding the cytosolic SSU) or transcript Hv.1b (encoding the putative plastidial SSU). Since the Hv.1b transcript is >2000-fold more abundant in leaves than Hv.1a (see above), Hv.1b is more likely to be responsible for the SSU in leaves. To discover whether this is the case, the subcellular location of AGPase activity was investigated. To do this, homogenates and pellet fractions enriched in chloroplasts from wild-type (Bomi) and mutant (Risø 16) leaves were made and the distribution of AGPase was compared with those of marker enzymes restricted to either chloroplasts or cytosol (Table 2 ).
In two independent experiments for each type of barley, the pellet fractions were enriched 3-4-fold in chloroplastic marker enzymes relative to cytosolic marker enzymes compared with the initial homogenates. The proportion of total AGPase activity recovered in the pellet fractions was similar to that of the plastid marker enzymes. The yield of chloroplasts was low, but comparable with those obtained in previous studies of AGPase compartmentation (e.g. rice endosperm; Sikka et al., 2001) . Using the data for the average distributions of chloroplastic and cytosolic marker enzymes (Table 2) , the percentage of the total AGPase activity that is chloroplastic was calculated according to Denyer and Smith (1988) . This calculation relies upon the enrichment of the pellet fraction with chloroplastic enzymes relative to cytosolic enzymes and is not influenced by the yield of plastids. The values obtained in the two experiments were 107% and 98% for the wild-type (Bomi) and 102% and 101% for the mutant (Risø 16). Thus, there is little or no cytosolic AGPase activity in barley leaves. Since AGPase in leaves is plastidial, it is likely that the major AGPase SSU in leaves is encoded by transcript Hv.1b which has a predicted transit peptide, rather than by Hv.1a which is known to be cytosolic in the endosperm.
The leaves and grains of the Risø 16 mutant have reduced starch content
The starch contents of various parts of the Risø 16 mutant and wild-type plants were surveyed to determine the overall impact of the loss of Hv.AGP.S.1 on starch synthesis in barley (Table 3) . As shown previously (Tester et al., 1993) , the mature grains of Risø 16, which are lower in mass than normal and shrunken in appearance, have reduced starch content compared with those of the wild type. The starch contents of mutant leaves at two stages of plant development were also reduced compared to those of the wild type. In Risø 16 leaves harvested at the end of the light period, the starch content was 48% to 66% of that in wild-type leaves. However, there was no statistically significant difference in starch content between mutant and wild-type embryos. Fig. 3 . The effect of the Risø 16 mutation on the small subunit proteins. Developing endosperm and embryos from grains in the mid-grain-filling phase were extracted by grinding in gel sample buffer containing SDS. After centrifugation, the supernatant was heated to 100 8C for 5 min prior to loading on an SDS-polyacrylamide gel. After electrophoresis, proteins were transferred to a nitrocellulose membrane which was probed with an antiserum to the maize endosperm AGPase SSU Brittle2, at a dilution of one in 5000. In endosperm, the cytosolic SSU (C) and the plastidial SSU (P) are indicated. The mass of the leaf SSU could not be determined because it did not consistently or clearly cross-react with the Brittle2 antibody. The molecular weights (kDa) and positions of marker proteins are indicated. WT, wild type Bomi; MUT, mutant, Risø 16.
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In addition to starch quantification, various organs and tissues were stained with iodine/KI solution to reveal the presence of starch and viewed by eye and/or under a light microscope (data not shown). This confirmed that the starch content of the mutant leaves was reduced and that the starch content of developing mutant embryos was unaffected. Iodine staining also suggested that the starch contents of root caps and pollen grains were not significantly affected in the mutant. These data show that the Hv.AGP.S.1 gene is important for normal rates of starch synthesis in barley leaves and grains but that it does not play a significant role in starch synthesis in a range of other plant organs.
Discussion
It has been shown here that the gene Hv.AGP.S.1 encodes most of the plastidial SSU in the leaves. It was already known that one of the two alternative transcripts produced from Hv.AGP.S.1, Hv.1a, encodes the cytosolic SSU in the endosperm (Thorbjørnsen et al., 1996b; Johnson et al., 2003) . The measurements of the abundance of the transcripts and the subcellular location of the AGPase activity together strongly suggest that the other transcript, Hv.1b, encodes the SSU of AGPase in leaves. Thus, two functional transcripts are produced from Hv.AGP.S.1. They encode SSU proteins located in different organs of the plant and targeted to different subcellular compartments (Fig. 4) .
The Risø 16 mutant reveals the functions of Hv.AGP.S.1. The mutant has reduced amounts of starch in its grain (Table 3; Tester et al., 1993) and leaves (Table 3) . This shows that both of the transcripts produced by alternative splicing of Hv.AGP.S.1 are physiologically relevant. However, in parts of the plant other than the grain and leaves, the Hv.AGP.S.1 gene does not contribute significantly to the SSU protein or AGPase activity, nor is it required for normal starch content. For example, in the embryo, the activity of AGPase, the amount and size of the SSU protein and the starch content are not affected by a mutation that eliminates Hv.AGP.S.1.
The AGPase in organs of the barley plant unaffected by the Risø 16 mutation, such as embryos, must contain a SSU encoded by a gene other than Hv.AGP.S.1. Another SSU gene must also make a minor contribution to the AGPase in leaves since Risø 16 leaves contain approximately 10% of the AGPase activity of wild-type leaves. It is likely that Leaf samples were harvested at the end of the light period from plants at two stages of development: seedlings with a total of 6-12 leaves (stage 1) and the same plants 2-4 weeks later, prior to tillering (stage 2). Embryos (14-25 mg) were from grains of 70-100 mg which were harvested in the mid-to-late grain-filling phase. Samples of leaves and embryos, each obtained from a separate plant, were extracted and duplicate aliquots of extract were assayed for starch. Values are the means 6SE of measurements on 5-7 embryo extracts and 7-8 leaf extracts. Grains were harvested at maturity. Grain from several plants was pooled, milled, and three samples of flour were extracted. Each assay was replicated four times. There was no difference in the starch contents of wild-type and mutant embryos but those in wild-type and mutant grain and in leaves at both stages of development were statistically significantly different (P <0.05, assessed using Microsoft Excel software, t test, 2-tailed distribution, 2-sample equal variance (Thorbjørnsen et al., 1996b) , although tissue-specific splicing could also explain the differences in expression of Hv.1a and Hv.1b. There is evidence that one of the three AGPase SSU transcripts, Hv.1b is regulated so that it is expressed in the leaf, but not in the embryo or the endosperm. In the embryo, Hv.1b is the most abundant of the three SSU transcripts, but its absence in Risø 16 has no significant effect on the AGPase activity or SSU protein in this organ. In the endosperm, Hv.1b is clearly detectable (Fig. 1 ) and yet the endosperm plastidial SSU protein is thought to be encoded by Hv.2 alone (Johnson et al., 2003) . In contrast, in the leaves, the elimination of Hv.1b correlates with a drastic reduction in AGPase activity. This suggests that the expression of Hv.AGP.S.1 via transcript Hv.1b is subject to post-transcriptional control in the embryo and endosperm but not in the leaves. There are many precedents for posttranscriptional control of gene expression in plants and several possible mechanisms including control of translation or protein turnover (for a review see Gallie and Bailey-Serres, 1997) . How post-translational control of Hv.1b expression is achieved in barley is not known.
Genes orthologous to Hv.AGP.S.1 in other cereal species also produce two alternative transcripts (rice: Thorbjørnsen et al., 1996b; Ohdan et al., 2005; wheat: Burton et al., 2002) , that may have similar functions to Hv.1a and Hv.1b. In rice, as in barley, the transcript corresponding to Hv.1b is the most abundant SSU transcript in leaves and the least abundant SSU transcript in the endosperm (Ohdan et al., 2005) . The transcript corresponding to Hv.1a is abundant in rice endosperm and could not be detected in rice leaves. This suggests that these transcripts in rice have the same functions as the corresponding Hv.1a and Hv.1b transcripts in barley: the former is important for starch synthesis in the endosperm and the latter for starch synthesis in the leaves. Given the taxonomic distance between barley, wheat, and rice, it is likely that orthologues of Hv.AGP.S.1 with equivalent functions in starch synthesis in the leaves and endosperm are widespread within the grass family.
Genes orthologous to Hv.AGP.S.2 are also found in other cereal species (cDNA accession numbers: rice, AK073146; maize, AY032604). In rice, as in barley, the transcript orthologous to Hv.2 is more abundant in the seed than in the leaf (Ohdan et al., 2005) suggesting that the function of this gene may also be conserved across a wide range of cereal species. In rice, where the genome sequence is known, the orthologues of Hv.AGP.S1 and Hv.AGP.S2 are the only two SSU genes present, hence these two SSU genes account for all of the SSU of AGPase in the rice plant. All other cereals examined, except maize, also have only two known SSU genes suggesting that, in these cereal species as well, orthologues of Hv.AGP.S.1 and Hv.AGP.S.2 could account for all of the AGPase SSU in the plant. Further sequencing of grass genomes will be needed to test these ideas.
